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reaction  temperature  and  carbon  content  in  high-purity  Fe-C  alloys.  A 
supporting  theoretical  study  of  the  stereology  of  grain  boundary  allotriomorphs 
was  simultaneously  conducted.  The  experimental  study  showed  that  at  small 
undercoolings  the  measure  parabolic  rate  constants  for  the  thickening  and 
lengthening  of  the  allotriomorphs  are  as  much  as  an  order  of  magnitude  less 
than  those  calculated  assiming  carbon  diffusion-control;  with  increased 
undercooling,  the  measured  growth  rates  approached  more  closely,  but  did  not 
quite  reach  those  calculated.  This  discrepancy  was  ascribed  to  the  presence 
of  a proportion  of  partially  coherent  facets  at  the  boundaries  of  the 
allotriomorphs aspect  ratio  of  the  allotriomorphs  was  found  to  be  ca.  1/3, 
independently  of^^eSCbien  time  and  temperature  and  also  carbon  content.  The 
accompanying  stereological  study  examined  the  effects  of  sectioning  and 
allotriomorph  above  its  center  and  also  at  an  angle  normal  to  the  plane 
perpendicular  to  the  grain  boundary  upon  the  apparent .growth  kinetics  of  the 
Eillotriomorph.  Important  differences  between  apparent  “a^id  true  growth  kinetics 
were  found  to  result,  particularly  from  the  latter  factor.^  It  was  concluded 
that  the  experimental  method  used  during  this  investigation  is  the  most 
satisfactory  one  for  determining  the  true  growth  kinetics  of  grain  bo\indary 
allotriomorphs  presently  available. 
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Abstract 


! 

Two  major  research  programs  and  numerous  smaller  ones  have  been  completed  i 

during  the  tenure  of  these  grants.  One  major  program  was  an  experimental  study  of  i 

the  interfacial  structure  of  the  broad  faces  of  ferrite  plates  in  an  Fe-C-Si  alloy.  | 

Using  weak-beam,  dark-field  TEM,  this  structure  was  shown  to  consist  of  a single 

o 

array  of  misfit  dislocations,  spaced  15-25  A apart,  and  a single  array  of  ledges  with 
o 

spacings  of  22-ijk  A.  The  ledges  are  invariably  triatomic  and  they  cause  the  apparent 
habit  plane  to  deviate  from  {111}_^  by  9-l8°;  orientation  relationships  lie  between 
Kurdjumow-Sachs  and  Nishiyama-Wasserman.  In  all  cases,  the  Burgers  vector  of  the 
misfit  dislocations  lies  in  the  atomic  habit  planes,  invariably  {110}^//{lll}_^,  and 
hence  thickening  of  these  ferrite  plates  by  shear  is  mechanistically  impossible.  The 
experimental  investigation  was  supported  by  a concurrent  computer  modeling  study  of 
partially  coherent  fccrbcc  interfaces. 

The  second  major  investigation  comprised  an  experimental  study  of  the  growth 
kinetics  of  grain  boundary  ferrite  allotriomorphs  as  a function  of  reaction  tempera- 
ture and  carbon  content  in  high-purity  Fe-C  alloys.  A .supporting  theoretical  study 
of  the  stereology  of  grain  boundary  allotriomorphs  was  simtiltaneously  conducted. 

The  experimental  study  showed  that  at  small  undercoolings  the  measured  parabolic 
rate  constants  for  the  thickening  and  lengtheing  of  the  allotriomorphs  are  as  much 
as  an  order  of  magnitude  less  than  those  calcilLated  assuming  carbon  diffusion-control; 
with  increased  undercooling,  the  measured  growth  rates  approached  more  closely,  but 
did  not  quite  reach  those  calculated.  This  discrepancy  was  ascribed  to  the  presence 
of  a proportion  of  partially  coherent  facets  at  the  boundaries  of  the  allotriomorphs. 

The  aspect  ratio  of  the  allotriomorphs  was  found  to  be  ca.  1/3,  independently  of 
reaction  time  and  temperature  and  also  carbon  content.  The  accompanying  stereological 
study  examined  the  effects  of  sectioning  an  allotriomorph  above  its  center  and  also 
at  an  angle  normal  to  the  plane  perpendicular  to  the  grain  boundary  upon  the  apparent 
growth  kinetics  of  the  allotriomorph.  Important  differences  between  apparent  and  true 
growth  kinetics  were  foiind  to  result,  particularly  from  the  latter  factor.  It  was 

k 


concluded  that  the  experimental  method  used  during  this  investigation  is  the  most 
satisfactory  one  for  determining  the  true  growth  kinetics  of  grain  boundary  allotrio- 
morphs  presently  available. 


1 . Foirward 


This  program  has  been  primarily  a study  of  interphase  boundaries  and  their  role 
in  diffusional  phase  transformations.  Two  types  of  interphase  boundary  have  been 
considered:  the  partially  coherent  and  the  disordered  or  incoherent.  When  the 

crystal  structure  of  the  precipitate  differs  from  that  of  the  matrix,  the  partially 
coherent  boundary  is  expected  to  interfere  significantly  with  the  growth  process 
iriiereas  the  disordered  boundary  should  not  (l,2).  The  partially  coherent  boundary 
should  migrate  by  the  ledge  mechanism  whereas  the  disordered  boundary  is  expected  to 
be  displaced  by  continuous  atomic  transfer  across  the  boundary.  At  the  present 
stage  of  development  of  transmission  electron  microscopy  (excluding  the  highly 
refined  instruments  employed  only  by  specialists),  the  misfit  dislocation  structure 
of  partially  coherent  boundaries  can  usually  be  resolved  by  TEM,  whereas  the  structure 
of  disordered  boundaries  cannot.  Measurements  of  growth  kinetics  have  thus  become  the 
primary  means  available  for  understanding  the  nature  of  disorderd  interphase  boundaries. 
In  the  present  investigation,  the  migrational  characteristics  of  disordered  interphase 
boundaries  have  been  studied  by  measuring  the  lengthening  and  thickening  kinetics  of 
grain  boundary  ferrite  allotriomorphs . The  choice  of  allotriomorphs  was  made  because 
this  precipitate  morphology  is  considered  to  have  an  interphase  boundary  with  a pre- 
dominantly disordered  interfacial  structure  (l).  (The  presence  of  some  partially 
coherent  facets  at  the  interfaces  of  allotriomorphs  has  long  been  recognized  (l), 
but  the  allotriomorphic  morphology  remains  the  only  one  in  an  as-transformed  micro- 
structure in  which  the  disordered  interfacial  structure  appears  to  predominate.) 

The  choice  of  the  proeutectoid  ferrite  reaction  in  high-purity  Fe-C  alloys  as  a 
vehicle  for  studying  the  growth  kinetics  of  grain  boiindary  allotriomorphs  was 
dictated  in  large  part  by  the  unique  completeness  and  accuracy  with  which  the 
necessary  ancillary  information  on  phase  boundaries  (and  their  metastable  equilibrium 
extrapolations)  and  diffusivity  in  the  matrix  phase  vs.  composition  is  available  in 
the  Fe-C  system. 


In  the  case  of  partially  coherent  boundaries,  much  progress  has  been  made  in 


resolving  and  explaining  the  structure  of  such  boundaries  at  interfaces  which  are 
"obviously"  of  this  type  (2,3).  That  is,  the  matching  across  such  boundaries  is 
clearly  good  enough  so  that  the  boundaries  can  be  rendered  fully  coherent  over 
most  of  their  area  by  the  periodic  insertion  of  misfit  dislocations  in  the  boundary. 
On  the  other  hand,  even  optimally  fitting  interfaces  between  f.c.c.  and  b.c.c. 
crystals  probably  represent  the  prototypical  case  of  an  interphase  boundary  which  is 
not  obviously  of  the  partially  coherent  type.  Morphological  (l)  and  kinetic  (2) 
evidence,  however,  strongly  suggest  that  it  is.  And  a modeling  study  (6)  opened 
up  a different  type  of  approach  to  interphase  boundary  construction  which  can  render 
certain  f.c.c. :b.c.c  interfaces  partially  coherent.  Another  portion  of  this  investi- 
gation was  devoted  to  making  a direct  experimental  test  of  this  approach  and  also  to 
further  strengthening  the  theoretical  base  of  the  approach.  The  study  was  conducted 
on  proeutectoid  ferrite  plates,  despite  the  considerable  additional  experimental 
difficulty  involved  in  achieving  retention  of  sufficient  austenite  matrix  to  make 
the  study  feasible,  simply  because  the  proeutectoid  ferrite  reaction  is  universally 
accepted  as  the  prototype  of  an  f .c.c.-to-b.c.c.  transformation. 

A summary  of  the  study  on  partially  coherent  f .c.c. rb.c.c.  boundaries  con- 
stitutes the  first  technical  section  of  this  report;  a description  of  the  investiga- 
tion on  the  growth  kinetics  of  grain  boundary  ferrite  allotriomorphs  in  Fe-C  alloys 
provides  the  s-cond  such  section.  The  final  technical  section  is  a series  of  brief 
summaries  of  a n\jmber  of  shorter  programs  undertaken  in  preparation  for,  support  and 
further  development  of  the  two  main  programs,  and  also  of  some  longer  programs  for 
which  the  experimental  work  was  undertaken  at  other  laboratories  with  the  writeup 
for  publication  being  completed  in  part  or  in  whole  at  Michigan  Tech. 
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A.  The  Structure  of  the  Broad  Faces  of  Proeutectoid  Ferrite  Plates 
This  program  is  being  executed  by  Dr.  J.  Michael  Rigsbee,  postdocotral  research 
associate. 

The  purposes  of  this  program  are  to  determine  experimentally  the  structure  of  the 
broad  faces  of  ferrite  sideplates,  to  compare  this  structure  with  that  deduced  by  Hall, 
Aaronson  and  Kinsman  (6)  and  by  Russell,  Hall,  Kinsman  and  Aaronson  (7)  for  partially 
coherent  f .c.c. rb.c.c.  boundaries  and  to  ascertain  whether  or  not  it  is  mechanistically 
possible  for  a ferrite  plate  with  the  experimentally  observed  interfacial  structiire  to 
thicken  by  a shear  mechanism. 

1.  Background 

Brooks  (i*)  and  Paxton  (5)  have  concluded  that  mismatch  between  the 
f.c.c.  and  b.c.c.  lattices  is  too  great  to  permit  a misfit  dislocation  structure  to 
exist  even  at  a particularly  favorable  orientation  of  a boundary  between  these  lattices. 
During  the  course  of  studies  on  the  interfacial  structure  of  b.c.c.  Cr-rich  precipitates 
in  a Cu-Cr  matrix.  Hall  et  al  (6)  pointed  out  that  at  the  interphase  boundaries  defined 
by  the  Kurdjumow  and  Sach  (20) 

{110}  //{111} 

ct  Y 

<111>  //<110> 
a Y 

or  by  the  Nishiyama  (20)-Wasserman  (22) 

{110}  //{111} 

a Y 

<110>  //<211> 
a Y 

orientation  relationships,  only  ca.  Q%  of  the  atoms  in  one  of  the  planes  forming  the 
boundary  can  be  regarded  as  coherent  with  the  atoms  opposite  them  in  the  other  plane 
of  the  boundary.  The  coherent  atoms  are  grouped  in  small  regions  whose  size,  shape 
and  spacing  are  sensitive  to  the  precise  rotation  of  the  {111}^^^  plane  relative  to 
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the  plane  in  the  rotation  range  between  K-S  and  N-W.  They  found  that 

by  inserting  a rconatomic  ledge  between  coherent  regions  these  regions  are  repeated  and 
are  shifted  laterally.  In  this  Danner,  the  proportion  of  coherency  could  be  raised  to 
25?.  Hall  et  al  were  unable,  however,  to  achieve  the  resolution  needed  to  ascertain 
whether  or  not  the  monatomic  ledges  were  actually  present  on  their  Cr-rich  precipitates. 

Subsequently,  Russell  et  al  (2),  concerned  about  the  mechanism  through  which  the 
supposedly  disordered  areas  between  coherent  regions  would  restrain  migration  of  the 
interphase  boundaries,  recognized  that  in  the  N-W  case  each  disordered  area  actually 
contains  Just  one  more  atom  per  row  in  the  f.c.c.  than  in  the  b.c.c.  lattice.  Thus, 
the  presence  of  a misfit  dislocation  along  the  center  of  each  disordered  area  would  re- 
sult in  a classical  dislocation  interphase  boundary,  with  the  monatomic  ledges  — now 
termed  structural  ledges  because  they  serve  only  to  complete  the  interfacial  structure 
and  cannot  participate  in  the  growth  process  — being  an  added  feature.  Figure  1 is 
an  isometric  sketch  of  such  an  interface  prepared  during  this  investigation,  illustrat- 
ing the  structural  ledges,  sample  coherent  areas  and  two  misfit  dislocations  orthogonal 
to  the  ledges. 

The  efforts  made  to  extend  and  to  test  these  concepts  have  followed  two  paths.  A 
computer  modeling  study  of  the  structure  of  {llO}^^^/{lll}^^^  interfaces  has  been  under- 
taken, and  a transmission  electron  microscopic  investigation  is  underway  on  the  bread 
faces  of  ferrite  sideplates.  Since  the  computer  modeling  work  has  been  completed,  it 


will  be  summarized  first;  these  findings  will  then  be  used  in  the  interpretation  of  the 
•experimental  studies. 

2.  Computer  Modeling  Study  of  Partially  Coherent  F.c.c.: B.c.c.  Boundaries 

These  studies  were  conducted  at  about  120  different  rotation  angles  from 


N-W  to  K-S  and  beyond  and  for  a wide  range  of  lattice  parameter  ratios.  For  each  inter- 
face, atom  matching  was  computed  for  the  atom  pairs  produced  by  all  six  possible  combi- 
nations of  the  three  f.c.c.  planes  parallel  to  {lll}^  and  the  two  b.c.c.  planes  parallel 
to  {llO}^.  This  involved  calculation  of  atom  matching  for  ca.  50,000  f .c .c. :b.c  .c . atom 
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pairs.  Following  Hall  et  al,  a pair  of  atoms  is  considered  to  match  coherently  if 
translating  the  f.c.c.  atom  into  a position  exactly  matching  that  of  its  b.c.c.  counter- 
part does  not  involve  movement  over  more  than  15^  of  the  f.c.c.  nearest  neighbor  dis- 
tance. Choice  of  a more  restrictive  definition  of  coherency  has  little  fundamental  ef- 
fect upon  the  results  reported.  On  the  15/5  definition,  coherent  regions  were  found  to 
contain  between  7 and  50  atoms. 

The  position,  spacing  and  direction  of  possible  arrays  of  structural  ledges  were 
detemined,  and  then  the  position,  spacing  and  Burgers  vector  of  the  misfit  dislocations 
vere  evaluated.  As  expected,  the  organization  of  the  misfit  dislocation  structure  is  de- 
pendent upon  the  array  of  structural  ledges  selected.  The  Burgers  vector  of  the  misfit 
dislocations  was  determined  with  a Burgers  circuit  through  adjacent  coherent  regions  of 
the  broad  face  of  a single  structural  ledge.  The  combination  of  structural  ledge  and 
misfit  dislocation  arrays  was  sought  for  each  rotation  of  the  two  lattices  which  would 
yield  the  m.inimum  interfacial  energy.  This  condition  was  fulfilled  by  selecting  inter- 
faces with  m.axiraum  coherency  and  with  the  smallest  Burgers  vector  of  misfit  dislocations. 
It  was  fovmd  that  programming  to  choose  the  interface  with  the  most  closely  spaced  co- 
herent regions  fulfilled  both  conditons. 

The  key  result  of  this  investigation  is  that  for  every  rotational  orientation  and 
every  lattice  parameter  ratio  studied,  at  least  one  (and  usually  several  energetically 
equal)  partially  coherent  interfacial  structure  is  predicted.  Virtually  all  of  the 
partially  coherent  boundaries  contain  both  misfit  dislocations  and  structural  ledges. 

' Figure  2 is  a typical  computed  structure  and  shows  both  sets  of  defects  as  well  as  the 
locations  of  the.  atoms  in  the  coherent  regions.  At  each  interface,  the  misfit  disloca- 
tion structure  consists  of  a single  array  of  parallel  dislocations.  The  spacing  be- 
tween the  dislocations  is  a function  of  the  rotational  orientation  and  the  lattice 
parameter  ratio,  and  ranges  from  8.6  to  40  K.  The  misfit  dislocations  at  the  lowest 
energy  interfaces  always  have  a lattice-type  Burgers  vector,  a^/2<110>^^^  and  either 

a/2<lll>.  or  a<100>  . The  dislocations  are  usually  of  mixed  type  tut  are  occasion- 

— bcc  — bcc 
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ally  either  pure  edge  or  pure  screw  in  character.  Two  tj^pes  of  equally  low  energy 
bovindary  can  he  constructed.  At  one,  a pure  edge  dislocation  is  present  at  the  K-W 
orientation,  and  at  the  other  a pure  screw  dislocation  obtains  at  the  K-S  orientation. 
Figure  3 shows  the  effects  of  rotation  angle  ujjon  the  misfit  dislocation  spacing  at 
three  lattice  parameter  ratios  for  the  two  types  of  structure.  The  former  structure 
is  seen  to  be  characterized  by  appreciably  larger  inter-dislocation  spacings. 

The  structural  ledges  are  also  present  as  a single,  parallel  array,  with  spacing 
again  dependent  on  rotational  orientation  and  lattice  parameter  ratio.  When  the  ledges 
are  monatomic,  the  spacing  between  ledges  varies  from  ca.  3 to  30  K.  In  some  cases, 
structural  ledges  more  than  one  atom  plane  high  were  found  to  yield  a larger  proportion 
of  coherent  regions  (and  hence  a lower  interfacial  energy).  In  such  situations,  the 
spacing  between  ledges  is  simply  increased  p>roportionately . Figure  U shows  the  influ- 
ence of  rotation  angle  and  lattice  parameter  ratio  upon  the  spacing  between  structural 
ledges  in  the  two  types  of  interphase  boundary  structure. 

The  structural  ledges  cause  substantial  deviations  of  the  apparent  conjugate  habit 
from  illustrated  in  Figure  5,  almost  any  apparent  habit  plane 

within  the  (ll0)-(211)-(lll)  region  can  be  explained  in  this  manner. 

In  all  cases  examined,  the  Burgers  vector  of  the  m.isfit  dislocations  lies  in  the 

plane  of  the  atomic  habit  planes,  i.e.,  {llO},  and  {lll}„  . Hence  one  must  conclude 

^ bcc  fee 

that  these  boundaries  cannot  be  displaced  by  a shear  mechanism.  As  noted  in  section 
II-E-8,  the  experimiental  studies  of  Watson  and  McDougall  (23)  on  the  crystallography 
proeutectoid  ferrite  plates  are  not  in  good  agreement  with  the  predictions  of  the  phe- 
nomenological theory  of  martensite,  and  the  surface  relief  effect  which  they  measured 
corresponds  to  a shear  much  too  large  to  make  the  formation  of  ferrite  plates  by  this 
mechanism  thermodynamically  feasible  throughout  virtually  the  entire  temperature-compo- 
sition region  of  the  proeutectoid  ferrite  reaction  in  Fe-C  alloys  (2U).  As  is  dis- 
cussed further  in  section  II-E-T,  however,  it  sems  likely  that  even  when  a precipitate 


plate  exhibits  both  crystallography  and  surface  relief  effects  consistent  with  t>.e  die- 


tales  of  the  phenomenoloe: cal  theory,  the  shear  mechanism  may  still  he  impossible  be- 
cause the  misfit  dislocations  are  in  sessile  orientation. 

3.  Experimental  Study  of  the  Structure  of  the  Broad  Faces 
of  Ferrite  Sideplates 

This  study  vas  made  experimentally  feasible  through  use  of  an  Fe-0.63^ 

C-2.0^%  Si  alloy  (supplied  by  the  Ford  Kotor  Co.).  The  high  initial  carbon  content  of 
this  alloy  ensures  that  the  austenite  regions  trapped  betveen  closely  spaced  ferrite 
sideplates  will  quickly  acquire  a high  and  relatively  uniform  carbon  content.  Inhibi- 
tion of  cementite  precipitation  by  the  high  silicon  content  ensures  that  the  carbon 
content  of  the  austenite  regions  is  not  diminished  by  this  factor.  The  high  carbon  I 

content  of  the  trapped  austenite  regions  per  se  and  also  the  compressive  stresses  ex- 
erted by  the  ferrite  plates  on  the  austenite  between  them  inhibit  martensite  formation 
sufficiently  well  so  that  even  in  thin  foils  regions  of  retained  austenite  0.5  to  1.5 
microns  thick  are  present  betveen  parallel  sideplates  in  specimens  reacted  for  inter- 
mediate times  in  the  temperature  range  U25°-^T5°C.  These  regions  are  wide  enough  to 
permit  the  tilting  and  diffraction  experiments  involved  in  interfacial  structure  deter-  ' 

minations  to  be  conducted. 

The  veak-beam,  dark-field  imaging  technique  devised  by  Cockayne  (8)  has  proved 
suitable  for  resolving  the  structure  of  the  broad  faces  of  ferrite  sideplates,  as  illus- 
trated in  Figure  6.  The  a:y  boundary  in  this  Figure  has  been  intercepted  at  a glancing 
angle;  it  is  the  region  containing  thick,  wriggly,  closely  spaced  thickness  contours. 

The  lines  running  roughly  perpendicular  to  the  contours  are  seen  to  cause  the  contours 
to  deflect,  and  are  thus  identified  as  ledges.  Arrowheads  point  out  the  terminii  of 
one  such  ledge.  Applying  the  ledge  height  analysis  developed  by  Gleiter  (25)  to  the 
contour  deflections  yields  a height  of  6-7  K,  or  ca.  3 atomic  layers,  for  the  ledges. 

The  array  of  fine,  parallel,  closely  spaced  lines  in  this  Figure  which  does  not  deflect  ’ 

the  thickness  contours  is  composed  of  misfit  dislocations.  In  this  Figure  the  distance 

between  these  dislocations  is  l8-2lj  A.  I 

o ' 

Also  obser\-ed  at  a:y  boundaries,  though  not  shown,  are  ledges  hundreds  of  A high  i 

i ; 

i \ 
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and  thousands  of  A apart.  Ledges  of  this  type  were  reported  by  Kinsman,  Eichen  and 
Aaronson  (26)  on  ferrite  sideplates,  as  observed  primarily  by  replication  electron 
microscopy;  the  thickening  kinetics  of  these  plates  were  found  to  be  consistent  with 
the  large  observed  inter-ledge  spacings.  The  ledges  shown  in  Figure  6 are  two  orders 
of  magnitude  more  closely  spaced  and  hence  (even  taking  overlap  of  diffusion  fields 
into  account)  would  lead  to  thickening  rates  much  higher  than  those  experimentally  ob- 
served. These  considerations  support  the  view  that  the  ledges  in  Figure  6 are  of  the 
structural,  rather  than  of  the  growth  variety. 

Interfacial  structures  similar  to  Figure  6,  and  differing  only  in  quantitative 
details,  have  been  seen  at  a large  number  of  a:y  boundaries.  We  are  now  satisfied  that 
such  structures  are  both  representative  and  generally  occurring  at  these  boiindaries. 

Using  the  weak-beam,  dark-field  imaging  technique  developed  by  Cockayne  (8), 
seven  a:y  boundaries  have  been  studied  quantitatively,  each  under  five  or  more  two-  i 

i 

beam  diffraction  conditions,  to  determine  the  B\irgers  vector  of  the  misfit  dislocations  | 

and  of  the  ledges.  Figures  7a-d  are  typical  micrographs  of  the  same  area,  photographed  ! 

under  different  diffraction  conditons  to  determine  the  Burgers  vectors  by  the  g-b  = 0 | 

method.  The  misfit  dislocations  are  seen  to  be  out  of  contrast  in  Figure  7a,  taken  • 

with  ^ = [lOl]^,  and  Figure  7b,  taken  with  ^ = [020]^.  For  this  case,  the  misfit  | 

dislocations  were  deduced  to  have  a Burgers  vector  of  a/2[l0l]^  or  ^/2[Ill]^.  i 

Table  I summarizes  all  of  the  results  obtained  in  this  manner  and  compares  these  j 

results  with  those  obtained  from  the  computer  modeling  studies.  With  one  partial  ( 

exception,  the  values  of  the  spacing,  direction,  height  and  Burgers  vector  of  the  | 

ledges  (ledge  heights  were  determined  by  the  method  of  Gleiter  (25)),  the  values  1 1 

i 

of  the  spacing,  direction  and  Burgers  vector  of  the  misfit  dislocations,  and  the  | 

angle  between  the  structural  ledges  and  the  misfit  dislocations  determined  j 

experimentally  agree  with  those  predicted  by  the  computer  modeling  studies . Hence  | 

the  elaborated-upon  structural  ledge  model  of  Hall  et  al  (6)  and  the  misfit  dis- 
locations added  to  this  model  by  Russell  et  al  (7)  can  be  considered  to  have  been 
quantitatively  confirmed.  F.c.c. :b.c.c.  boundaries  can  now  be  considered  as 

k 


Coap&rleon  of  Observed  and  Measured  Characteristics  of  Partially 
Coherent  Fcc:Bcc  Boundaries  on  Ferrite  Sideplates 
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classically  partially  coherent  under  the  appropriate  conditions  of  lattice  and  boundary 
orientation  with  the  new  feature  of  structural  ledges  is  incorporated. 

Both  the  experiments  and  the  model  show  that  the  misfit  dislocations  in  these 
boundaries  invariably  lie  in  the  atomic  habit  planes,  i.e.,  {111}_^  and  {110}^,  which 
constitute  the  broad  faces  of  the  structural  ledges.  Hence  thickening  of  the  ferrite 
sideplates  studied  by  shear  is  mechanistically  impossible.  We  hope  that  this  result 
may  contribute  significantly  to  putting  an  end  to  the  U0+  year  old  argument  as  to  the 
mechanism  of  formation  of  ferrite  and  also  of  bainite  plates. 

In  all  cases , the  ledges  are  predicted  by  the  model  and  found  experimentally  to  be 
triatomic.  The  prediction  was  based  upon  minimization  of  interfacial  energy.  This  out- 
come is  of  particular  interest  because  triatomic  structural  ledges  have  the  unique  pro- 
perty of  allowing  the  apparent  f .c.c. :b.c.c.  interface  to  deviate  from  {lll}^  in  either 
a clockwise  or  a counterclockwise  direction  br  stepping  "up"  or  "down".  It  would  appear 
that  this  property  of  triatomic  ledges  may  explain  an  important  part  of  the  often  observed 
tendency  of  ferrite  plates  to  exhibit  waviness  when  viewed  at  high  magnifications. 

The  wide  variety  of  the  apparent  habit  planes  found  and  their  usually  quite  irra- 
tional character  makes  clear  that  no  direct  structural  significance  should  be  attached 
to  such  planes  when  present  in  a diffusional  transformation.  It  should  also  be  clear 
that  irrational  habit  planes  are  no  longer  to  be  considered  a xmique  property  of 
martensitic  transformations. 

B.  Stereology  and  Growth  Kinetics  of  Grain  Boundary  Ferrite 
Allotriomorphs  in  Fe-C  Alloys 

1.  Introduction 

Although  an  appreciable  amount  of  data  are  already  available  on  the  growth 
kinetics  of  grain  boundary  allotriomorphs  of  proeutectoid  ferrite  in  Fe-C  alloys  (26-28), 
not  all  of  it  is  on  lengthening  as  well  as  thickening  kinetics,  the  data  encompasses  an 
insufficiently  large  envelope  of  carbon  content  and  reaction  temperature  to  serve  as 
"baseline"  information  for  all  of  the  Fe-C-X  studies  projected  on  this  Grant  and  the 


scatter  in  much  of  this  data  is  sufficiently  large  so  that  comparison  of  growth  kinet- 
ics data  in  different  alloys  is  significantly  hampered. 
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Most  of  the  previous  data  on  allotriomorph  growth  kinetics  were  obtained  by  means 
of  thermionic  emission  microscopy.  Since  such  an  instrument  is  not  available  at  Mich- 
igan Technological  University,  a room  temperature  technique  previously  employed  (l?) 
was  further  developed  which  permitted  the  necessary  measurements  to  be  made  with  avail- 
able equipment.  This  method  consists  of  preparing  specimens  which  are  sufficiently 
thin  Eind  austenitizing  them  for  a combination  of  temperature  and  time  adequate  to  en- 
sure that  nearly  all  of  the  austenite  grain  boundaries  become  perpendicular  to  the  broad 
faces  of  the  rectangular  parallelpiped-shaped  specimens.  The  specimens  are  reacted  for 
a series  of  successively  increasing  times  at  each  temperature.  In  each  specimen,  the 
length  of  the  longest  and  the  thickness  of  the  thickest  grain  boundary  allotriomorph 
is  measured.  Allotriomorphs  which  are  malformed  as  a result  of  faceting  are  excluded 
from  measurement  of  either  dimension.  The  slope  of  plots  of  the  half-length  and  half- 
thickness  vs.  the  square  root  of  the  isothermal  reaction  time  (properly,  of  the  growth 
time,  but  the  difference  in  Fe-C  alloys  is  neither  large  nor  consistent)  yields  the 
parabolic  rate  constants  6 and  a for  lengthening  and  thickening,  respectively. 

Althovigh  the  thermionic  emission  microscopy  method  of  measuring  growth  kinetics 
is  highly  precise,  concentrating  as  it  does  on  individual  allotriomorphs  while  they 
are  actually  growing  at  the  temperature  of  transformation,  the  different  proportion 
and  disposition  of  facets  on  allotriomorphs  formed  at  different  grain  bovindaries  has 
been  previously  recognized  (26)  as  contributing  substantially  to  the  scatter  in  the 
plots  of  parabolic  rate  constant  vs.  reaction  temperature  through  which  these  data  are 
reported.  It  was  therefore  considered  that  the  method  employed  in  the  present  investi- 
gation would  reduce  this  scatter  by  emphasizing  the  largest,  and  thus  the  ‘'east  facet- 
hampered  allotriomorphs.  This  procedure  was  expected  to  more  than  compensate  for  the 
errors  inevitably  introduced  when  each  data  point  represents  a separately  heat-treated 
specimen.  This  expectation  appears  to  have  been  fulfilled.  However,  a portion  of  the 
superiority  of  the  present  room  temperature  method  evidently  derives  from  its  inherent 
stereological  advantages  over  any  hot  stage  method.  The  results  of  the  stereological 
analysis  upon  which  this  conclusion  is  based  are  s'unmarized  in  the  next  subsection;  in 
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I the  following  subsection,  the  results  of  the  experimental  measurements  are  reported. 

I 2.  Stereology  of  Grain  Boundary  Allotr i omorphs 

j DeHoff  (29)  has  published  an  elegant  stereological  analysis  of  both  the 

nucleation  and  the  growth  of  precipitates  which  are  assumed  to  have  an  idealized  form. 
For  the  purposes  of  the  present  investigation,  however,  it  was  decided  to  devise  a new, 
more  specialized  analysis,  dealing  only  with  the  growth  process.  The  primary  reasons 
for  this  decision  are  that  DeHoff' s ass\imption  of  an  idealized  shape  is  not  too  often 
met  by  ferrite  allotri omorphs  and  that  the  grain  boundary  geometry  intentionally  estab- 
lished results  in  specialized,  rather  than  random  sectioning  of  the  allotriomorphs . 

The  heavily  outlined  area  of  Figure  8a  is  a polar  cross-section  through  the  ideal- 
ized grain  boundary  allotriomorph  upon  which  the  calculations  of  this  study  are  based. 
When  the  allotriomorph  is  sectioned  perpendicular  to  the  grain  boundary  a distance 
from  its  center,  the  section  of  the  allotriomorph  shown  in  Figure  8b  appears  on  the 
plane  of  polish.  The  true  length,  L,  and  true  thickness,  S,  of  the  allotriomorph  are 
now  replaced  by  apparent,  and  different  values,  L'  and  S'  respectively.  The  true  di- 
hedral angle,  ((),  at  the  edges  of  the  allotriomorph  is  now  replaced  by  an  apparent  one, 
4>app.  The  apparent  shape  of  the  allotriomorph,  however,  remains  sj-mmetrical . When 
the  allotriomorph  is  sectioned  by  a plane  of  polish  which  lies  both  from  the  allo- 
triomorph center  and  also  forms  an  angle  \Ij  with  respect  to  a normal  to  the  grain  bound- 
ary plane,  as  in  Figure  9a,  the  allotriomorph  now  appears  asymmetrical  on  the  plane  of 
polish,  with  two  different  apparent  thicknesses,  and  S^,  and  two  different  "half" 
dihedral  angles,  (}>^  and  (J)^,  as  illustrated  in  Figure  9b.  However,  the  apparent  length 
of  the  allotriomorph  is  a function  only  of  X^,  not  of  \p. 

Equations  were  derived  connecting  true  and  apparent  values  of  length,  thickness, 
aspect  ratio  and  dihedral  angle  as  a function  of  both  X^  and  \p.  These  relationships 
were  then  used,  in  conjiuiction  with  the  Horvay-Cahn  (30)  relationships  for  the  thicken- 

1/2  1/2 

ing  and  lengthening  of  an  oblate  ellipsoid  (S/2  = at  and  L/2  = 8t  , where  a and 


8 are  the  respective  parabolic  growrth  rate  constants  and  t = growth  time),  to  derive 
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equations  for  the  apparent  parabolic  rate  constants  as  functions  of  X^,  and  true 

growth  rates.  It  was  shown  that  only  when  an  allotrioir.orph  is  sectioned  so  that  = 

= 0 will  the  apparent  parabolic  rate  constants  be  actually  independent  of  reaction 

time,  and  correct.  VHien  X ^0  and  \b  = 0,  the  apparent  aspect  ratio  (a  /$  ) and 

o app  app 

the  apparent  dihedral  angle  will  increase  during  growth  end  approach  their  true  values. 
When  X^  = 0 and  # 0,  both  the  apparent  aspect  ratio  and  the  apparent  dihedral  angle 
will  be  constant;  both,  however,  will  be  greater  than  their  true  values.  When  ^ 0 
and  ^ 0,  both  apparent  aspect  ratio  and  apparent  dihedral  angle  will  vary  with  time 
and  attain  values  greater  than  their  true  ones. 

The  apparent  growth  rate  equations  thus  obtained  were  combined  with  the  growth 
rates  experimentally  measured  by  the  room  temperature  sectioning  technique  for  an 
Fe-0.11?  C alloy  (as  reported  in  the  next  subsection)  to  estimate  the  proportion  of 
the  scatter  in  thermionic  emission  microscopy  growth  rate  data  previously  reported  (27) 
on  the  same  alloy  which  might  be  attributed  to  stereological  factors.  The  apparent 
half-thickness  of  allotriomorphs  nucleated  from  0 to  100  microns  beneath  the  plane  of 
polish  was  calculated  as  a function  of  the  apparent  growth  time  for  = 0°,  30°  and  ^5°, 
using  the  experimental  values  obtained  during  the  present  study  for  the  true  rate  con- 
stants at  each  of  several  reaction  temperatures.  Apparent  growth  rate  constants  are 
then  obtained  as  the  slope  of  a least  squares  line  fitted  to  plots  of  apparent  half- 
thickness  and  apparent  half-length  vs.  (apparent  growth  time)  under  various  condi- 
tions of  X and  \li.  Figxires  10  and  11  show  the  ratio  a /a^  as  a function  of  X for 
o app  true  o 

all  three  values  of  ij;  at  the  highest  and  lowest  reaction  temperatures  studied  in  the 
0.11?  C alloy. 

Clearly,  a wide  range  of  apparent  rate  constants  is  possible, 
from  ca.  1.9  to  ca.  0.1  at  = ^<5°.  Even  at  = 0°  a substantial  error  is  possible  due 
to  the  effect  of  sectioning  away  from  the  center  of  the  allotriomorph,  though  in  this 


case  the  apparent  parabolic  rate  constants  are  limited  almost  entirely  to  values  which 


ere  too  small.  The  upper  and  lower  limits  of  the  range  of  possible  stereological  scat- 
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ter  for  each  value  of  V'  was  determined  hy  passing  a line  through  the  maximum  and  r.ini- 

mum  values  of  a as  a function  of  temperature,  taken  from  the  plots  of  a /a^  vs, 
app  ^ ^ app  true 

X^.  The  resulting  scatter  hands  are  plotted  in  Figure  12,  together  with  the  data  on  a 
in  an  Fe-0.11?  C alloy  obtained  by  thermionic  emission  microscopy  (26,27).  It  can  be 
seen  that  approximately  one-quarter  or  one-half  of  the  thermionic  emission  data  falls 
within  the  stereological  scatter  band,  depending  upon  whether  is  assumed  to  be  30° 
or  ^5°, 

In  the  light  of  the  foregoing  considerations,  the  relative  merits  of  the  room 
temperature  sectioning  and  hot  stage  methods  of  measuring  the  growth  kinetics  of  grain 
boundary  allotricmiorphs  may  be  evaluated.  Hot  stage  m.easurement  techniques,  such  as 
thermionic  em.ission,  provide  highly  precise  data  on  the  apparent  growth  kinetics  of  in- 
dividual allotriomorphs.  However,  significant  errors  miay  result  under  conditions  when 
and  7^  0.  The  room  temperature  technique,  on  the  other  hand,  causes  both  X^  and 
to  approach  zero  — quite  closely  if  a sufficient  number  of  allotriomorphs  is  m^easured. 
Hence  even  though  the  parabolic  rate  constants  determined  by  the  room  temperature  tech- 
nique are  less  precise  than  those  obtained  from  a hot  stage  method,  they  are  more  ac- 
curate. Although  errors  due  to  ij;  can  be  minimized  when  specimens  are  solution  annealed 
so  as  to  m.ake  as  many  of  the  grain  boundaries  essentially  perpendicular  to  the  intended 
plane  of  polish,  those  caused  by  X^  0 cannot  be  similarly  controlled.  Hence  the  room 
temperature  technique  turns  out,  somewhat  unexpectedly,  to  yield  more  accurate  values 
of  the  parabolic  rate  constants. 

A stereological  analysis  was  also  made  of  the  dihedral  angles  expected  at  the 
edges  of  allotriomorphs  when  X^  and  ip  ^ 0.  Although  the  frequency  histograms  of  the 
various  apparent  dihedral  angles  are  now  differently  shaped  than  those  calculated  by 
C.  S.  Smith  (33),  the  basic  conclusion  of  £>.ith's  analysis,  namely  that  the  angle  oc- 
cxirring  most  frequently  on  the  histogram  is  the  true  angle,  is  retained  under  the  more 
specialized  conditions  of  sectioning  assumed  in  this  analysis. 

3.  Growth  Kinetics  of  Grain  Poundar^'  Ferrite  Allotriomorphs 

The  objectives  of  this  investigation  were  to  test  the  room  temperature 
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technique  of  measuring  the  lengthening  and  thickening  kinetics  of  grain  "boundary  ferrite 
allotriomorphs , to  document  these  kinetics  over  the  range  of  carbon  contents  and  reac- 
tion temperatures  of  interest  in  the  follov-on  studies  of  allotri omorph  growth  kinetics 
in  Fe-C-X  alloys  and  to  take  advantage  of  the  reduced  scatter  anticipated  in  these  data 
to  ascertain  the  validity  of  the  deviations  from  carbon  diffusion-controlled  grovi:,h 
kinetics  observed  during  previous  thermionic  emission  microscopy  studies  of  allotrio- 
morph  growth  kinetics  in  Fe-C  alloys  (26-28).  A subsidiary  objective  was  to  expand 
sufficiently  the  envelope  of  temperature  and  carbon  content  in  which  data  on  these  ki- 
netics ere  available  to  ensure  that  conclusions  drawn  from  such  information  have  an 
adequately  broad  experimental  base. 

Three  high-purity  Fe-C  alloys,  containing  0.11,  0.23  and  0.U2  W/0  C,  were  employed. 
Indi\'idual  specim.ens,  0.6b  x 0.6b  x 0.025  cm.,  were  austenitized  for  15  mi.n.  at  1300°C 
in  a graphite-deoxidized,  argon-protected  bath  of  molten  BaCl^,  isotherm.ally  reacted 
in  graphite-deoxidized  lead  baths  and  then  quenched  into  iced  10^  brine.  As  previously 
indicated,  the  length  of  the  longest  and  the  thicluiess  of  the  widest  grain  boundary  al- 
lotriomiorph  was  determined  in  specimens  reacted  for  successively  increasing  tim.es  at 
each  temperature  investigated.  Measurements  were  not  made  on  badly  faceted  allotrio- 
morphs  or  any  grain  boundary-nucleated  precipitates  not  strictly  allotriomorphic  in 
shape.  Measurements  were  also  ira.de  of  the  dihedral  angle  at  the  tips  of  allotriomorphs 
in  representative  specimens.  Transmission  and  scanning  electron  studies  were  made  of 
the  broad  faces  of  allotriomorphs  to  ascertain  whether  or  not  fine-scale  faceting  is 
present . 

1/2 

Typical  plots  of  half-length  and  half-thickness  vs.  (reaction  time)  are  shown 
in  Figure  13,  together  with  the  least  squares  parabolic  rate  constant  calculated  for 
each  plot,  and  the  aspect  ratio  for  the  reaction  temperature  — taken  as  a/B.  In  order 
to  be  certain  that  the  data  used  in  constructing  such  plots  are  valid,  all  of  it  was 
also  replotted  as  In  (half-thickness)  or  In  (half-length)  vs.  In  (growth  time),  as  shewn 
in  Figiire  lb  for  the  data  Figure  13.  According  to  Korvay-Cahn  (30)  theory,  the  slope 
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of  such  plots  should  be  1/2.  Figure  15  shows,  again  typically,  that  this  stricture  is 
fulfilled  by  the  data  used.  However,  at  the  lowest  reaction  temperature  initially  used 
for  all  three  alloys,  values  of  the  slope  significantly  greater  than  l/,2  were  obtained. 
Ihese  are  presumably  the  results  of  transforrr.ation  during  quenching  to  the  reaction 
temperature;  such  data  were  not  further  considered.  Figures  l6-l8  show  the  measured 
parabolic  rate  constants  for  thickening  and  lengthening  as  a function  of  reaction  tem- 
perature for  all  three  alloys.  Both  a and  3 are  seen  to  decrease  with  temperature  in 
a regular  manner.  When  these  data  for  the  0.11^  C alloy  were  compared  with  the  therm- 
ionic emission  data  (26,27)  obtained  on  the  same  alloy  and  only  those  thermionic  emis- 
sion data  were  included  for  which  the  aspect  ratio  was  ca.  1/3  (the  average  found  for 
allotriomorphs  during  this  investigation  --  see  below),  then  reasonable  agreement  was 
obtained  between  the  two  sets  of  data  and  the  scatter  in  each  was  comparable  (Figure 
19)*  However,  when  all  of  the  thermionic  emission  data  were  included  in  the  coirp)ari- 


son, the  scatter  of  the  present  data  was  m;uch  less,  thereby  fulfilling  the  expectation 
for  the  stereological  superiority  of  the  room  teir.perature  tecluiique.  Also  included  in 
Figures  l6-l8  are  plots  of  a and  6 vs.  temperature,  calculated  via  computer  from  Atkin- 
son's (27,31)  analysis  for  the  growth  kinetics  of  an  oblate  ellipsoid  under  the  assump- 
tion that  the  aspect  ratio,  K = 1/3.  The  experimental  rate  constants  are  seen  to  be 
less  than  those  calculated  at  each  reaction  temperature  used  in  all  three  alloys.  This 
result  is  better  demonstrated  by  the  (typical)  plots  of  a( experiinental) /a(calculated) 
and  of  3(expierimiental/B( calculated)  vs.  temperature  shown  in  Figure  20  for  the  0.11/S  C 
alloy.  These  ratios  are  seen  to  increase  systematically  from  ca.  0.1  at  the  highest 
temperature  studied  to  ca.  0.7-0. 8 at  the  lowest  tem.perature. 

PreAd.ous  investigators  (26)  have  proposed  that  behavior  of  this  type  — now  con- 
siderably more  securely  documented  — is  due  to  faceting  on  the  broad  faces  of  the  al- 
lotriomorphs. With  decreasing  temperature,  growth  of  disordered  portions  of  the  aiy 
boundaries  round  the  facets  becomes  easier  as  a result  of  the  more  rapid  growth  kinet- 


ics at  these  temperatures.  The  scanning  electron  micrograph  of  Figure  21,  and  also 
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transtnission  electron  micrographs,  support  this  view  by  displaying  facets  on  a typical 
allotriomorph.  The  pmoposal  of  D.  E.  Coates  (32)  that  measured  rate  constants  for  fer- 
rite allotriomorphs  which  fall  no  further  below  those  calculated  from  the  Atkinson  anal- 
ysis in  Fe-C-X  alloys  than  the  ratios  of  Figure  20  are  the  result  of  alloying  element 
partition  between  austenite  and  ferrite  at  higher  reaction  temperatures  is  thus  shown 
to  be  without  experimental  supjxirt . Not  unless  the  planned  measuremients  on  allotric- 
raorph  growth  kinetics  in  Fe-C-X  alloys  show  significantly  smaller  ratios  of  the  experi- 
mental to  the  calculated  parabolic  rate  constants  can  such  kinetic  data  be  taken  as  ev- 
idence that  another  effect,  such  as  that  arising  from  alloying  elen;ent  partition,  is 
superimposed  the  effect  of  faceting.  Hence  the  importance  of  the  kinetic  data  on  Fe-C 
alloys  for  the  planned  studies  on  Fe-C-X  alloys  is  clearly  illustrated. 

A new  result  obtained  from  the  present  study  is  that  the  aspect  ratio  of  ferrite 
allotriomorphs  in  Fe-C  alloys  is  ca.  1/3,  independent  of  isothenrial  reaction  time  (Fig- 
ure 22),  reaction  tamperature  (Figure  23)  and  carbon  content  (Figure  2h). 

In  an  effort  to  imderstand  this  rather  striking  result  on  an  interfacial  energy 
basis,  apparent  dihedral  angles  at  the  tips  of  ferrite  allotriom,orphs  were  m.easured  in 
the  0.11a  C alloy  at  735°C  and  in  the  0.!42^  C alloy  at  739^  and  765°C,  in  each  case  at 
four  reaction  times.  Figure  25  shows  that  the  shape,  and  especially  the  maxim.um  in  the 
frequency  histogram  plots  of  this  data  for  the  0.l42^  C alloy  are  essentially  independ- 
ent of  reaction  time  at  735°C.  Figure  26  demonstrates  that  the  all-reaction-times  data 
at  each  temperature  in  each  alloy  studied,  and  also  all  of  the  dihedral  ai  gle  data  con- 
solidated into  a single  plot,  yield  the  same  result.  The  stereological  studies  pre- 
viously discussed  showed  that  the  most  probable  true  dihedral  is  the  one  which  occurs 
most  frequently,  even  under  the  non-random  sectioning  conditions  used  in  this  investi- 
gation. In  all  cases,  the  maximum  dihedral  angle  was  found  to  be  100°±5°.  Gjostein 
et  al  (3U)  have  previously  shown  that  in  the  same  series  of  Fe-C  alloys  thenrio-mechan- 
ically  processed  in  the  manner  of  C . S.  Smith  (33)  so  as  to  ensure  that  interphase 
boundary  energy  is  usually  no  longer  a function  of  boundary  orientation  yielded  an 
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equilibrium  dihedral  angle  of  115°.  A similar  deviation  has  been  reported  for  grain 
boundary  allotriomorphs  of  0 phase  in  an  Al-1*5  Cu  alloy  (35).  Since  the  growth  of 
ferrite  allotriomorphs  is  essentially  controlled  by  the  volume  diffusion  of  carbon  in 
austenite,  but  slowed  down  by  faceting,  whereas  9 allotriomorphs  have  been  shown  to 
grow  by  a grain  and  interphase  boundary  diffusion-assisted  mechanism  (36),  it  appears 
that  suc>'  deviations  from  equilibrium  shape  cannot  be  ascribed  to  the  basic  mechanism 
of  growth.  A possible  alternate  explanation  is  that  maximization  of  the  rate  of  vol- 
ume increase  of  an  allotriomorph  exerts  "pressure"  on  the  dihedral  angle  to  make  it 
smaller.  The  countervailing  pressure  of  interfacial  energy  minimization  near  the  root 
of  the  dihedral  angle  prevents  this  angle  from  approaching  zero,  and  instead  results 
in  a compromise  angle  somewhat  smaller  than  the  equilibrium  one. 

The  aspect  ratio  corresponding  to  the  equilibrium  dihedral  angle  is  0.55  and  the 
ratio  given  by  the  dihedral  angle  during  growth  is  O.U7.  The  difference  between  the 
latter  ratio  and  the  one  observed  experimentally,  ca.  1/3,  appears  to  result  from  fac- 
eting on  the  broad  faces  of  the  allotriomorphs . 

C . Supplementary  Studies 

These  studies  are  related  in  diverse  ways  to  the  central  themes  of  the  Grant. 

In  many  cases,  they  were  either  completed  in  a relatively  short  period  of  time,  or  in 
the  cases  of  nos.  U and  13,  the  extended  experimental  studies  involved  were  undertaken 
at  another  laboratory.  Only  those  studies  are  reported  which  appear  in  the  publication 
list  (section  II-A  of  p.  3);  they  are  briefly  summarized  here  in  the  same  order. 

1.  Relative  Growth  Kinetics  of  hedged  and  Disordered  Inter- 
phase Boundaries  (with  C.  Atkinson  and  K.  R.  Kinsman) 

Experimental  results  on  plate  thickening  kinetics  previously  published 
for  several  alloy  systems  have  shown,  xinexpectedly , that  the  partially  or  fully  coherent 
broad  faces  of  these  plates  can  sometimes  migrate  more  rapidly  than  disordered  bound- 
aries under  the  same  conditions  of  reaciton  temperature  and  composition.  Using  the 
Jones-Trivedi  (37)  equation  for  ledge  growth,  it  was  shown  that  this  result  is  theoret- 
ically sound  (it  has  been  questioned  tv  some  on  the  ground  that  excessive  solute  trans- 


port  rates  might  be  required),  and  the  conditions  under  which  it  should  develop  are  de- 
scribed. Such  rapid  growth  kinetics  of  ledged  boundaries  obtain  only  when  the  ledges 
are  closely  spaced  and  when  the  solute  diffusion  fields  associated  with  adjacent  ledges 
do  not  seriously  overlap.  These  conditions  are  particularly  well  fulfilled  during  the 
proeutectoid  ferrite  reaction  in  Fe-C  alloys  because  ledges  develop  readily  and  the 
composition  difference  between  austenite  and  ferrite  is  relatively  small. 

2 . The  Nature  of  the  Barrier  to  Growth  at  Partially  Coherent  FCCtBCC 
Boundaries  (with  K.  C.  Fussell,  M.  G.  Kail  and  K.  R.  Kinsman) 

Hall,  Aaronson  and  Kinsman  (6)  have  deduced  that  the  structure  of  par- 
tially coherent  boundaries  on  b.c.c.  Cr  plates  precipitated  from  an  f.c.c.  Cu-Cr  matrix 
consists  of  effectively  coherent  regions  separated  by  disordered  areas.  In  this  study, 
two  mechanisms  through  which  such  an  interfacial  structure  might  act  as  the  barrier  to 
growth  which  the  presence  of  facets  during  growth  requires  are  considered.  In  one,  it 
is  noted  that  the  coherent  areas  are  so  closely  spaced  that  capillarity  mny  halt  bulg- 
ing out  of  the  disordered  regions  of  the  boundary  between  these  areas.  Calculation 
shows  that  this  suggestion  is  feasible  for  proeutectoid  ferrite  plates  (assumed  to  have 
the  same  interfacial  structure  on  their  broad  faces  as  Cr  plates),  but  is  appropriate 
for  Cr  plates  only  at  relatively  small  undercoolings  below  the  solvus  temperature.  The 
second  mechanism  considered  is  that  the  supposedly  disordered  regions  between  the  co- 
herent ones  m.ay  be  converted  into  partially  coherent  areas  by  the  insertion  of  a misfit 
dislocation  along  the  center  of  each. 

Subsequent  research,  recounted  in  section  II-C  of  page  3,  has  shown  both  experimient- 
ally  and  through  modeling  that  the  second  suggestion  is  correct  in  the  case  of  proeu- 
tectcid  ferrite  plates.  It  remains  possible  that  the  first  suggestion  m;ay  prove  appli- 
cable in  some  other  alloy  system,  or  perhaps  in  a transform, ation  involving  a still  more 
disparate  pair  of  crystal  structures  than  f.c.c.  and  b.c.c. 

3.  On  the  Driving  Force  for  the  Growth  of  Grain  Boundary  Allotriomorphs 
by  the  "Collector  Plate"  Mechanism  (with  K.  C.  Russell) 


Recent  experimental  evidence  indicates  that  at  temperatures  below  ca. 
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0.9T^»  grain  boundary  allotriomorphs  grow  (36,38-UO)  and  dissolve  (l4l,l42)  by  the  col- 
lector plate  nechanism  vhen  the  matrix  is  a f.c.c,  substitutional  solid  solution.  On 
this  mechanism,  atomic  transport  proceeds  via  volirme  diffusion  to  the  grain  boundaries, 
diffusion  along  these  boundaries  to  the  edges  of  the  ai lotriomorphs  and  then  diffusion 
along  the  broad  faces  of  the  allotriomorphs  (which  tend  to  have  a predominantly  dis- 
ordered structure)  and  deposition  on  these  faces  as  well  as  at  the  edges.  This  mecha- 
nism contrasts  with  the  classical  one  of  volume  diffusion  directly  toward  or  away  from 
the  grain  boundary  allotriomorphs.  The  present  study  sought  the  comrcon  driving  force, 
applicable  to  both  growth  and  dissolution,  for  the  key  element  in  the  collector  plate 
mechanism,  namely,  diffusion  along  the  interphase  boundaries  of  the  allotriomorphs. 

This  driving  force  was  concluded  to  be  departure  of  the  allotriomorphs  from  equilibrium 
shape.  In  the  case  where  the  flux  of  solute  along  the  interphase  boundaries  is  much 
less  than  that  along  the  grain  boundaries,  these  departures  were  deduced  to  be  quite 
marked.  During  dissolution,  the  allotriomorphs  become  more  prolate  than  at  equilibrium 
whereas  during  growth  they  become  more  oblate.  These  departures  provide  the  needed  sol 
ute  concentration  gradient  toward  or  away  from,  respectively,  the  edges  of  the  allctrio 
morphs.  When  the  solute  flux  is  more  rapid  along  the  interphase  boundaries  than  along 
the  grain  boundaries,  however,  the  departures  from  equilibrium  shape  must  be  very  small 
their  directions  are  not  clear,  and  they  will  doubtless  be  very  difficult  to  detect  ex- 
perimentally. Application  of  this  analysis  to  be  published  experimental  data  on  the 
dihedral  angles  of  0 allotriomorphs  in  Cu  during  growth  and  at  equilibrium  (35) 

indicates  that  the  flux  of  Cu  is  significantly  more  rapid  along  grain  boundaries  than 
along  interphase  boundaries  in  this  alloy. 

k . Thickening  Kinetics  of  Froeutectoid  Ferrite  Plates 
in  Fe-C  Alleys  (with  K.  R.  Kinsman  and  E.  Eichen) 

The  extensive  thermionic  emission  microscopy  studies  which  formed  the 
core  of  this  investigation  were  carried  out  while  the  P.I.  was  with  the  Scientific  Re- 
search Staff  of  Ford  Motor  Co.  A substantial  fraction  of  the  interpretation  and  manu- 
script preparation  was  done  after  the  P.I.  had  moved  to  Michigan  Tech  and  was  supported 
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by  the  present  Grant . 

The  thickening  kinetics  of  proeutectoid  ferrite  sideplates  in  Fe-C  aJloys  vere 

measured  as  a function  of  reaction  temperature  and  carbon  content  from  motion  picture 

films  exposed  during  the  gi-owth  of  the  sideplates.  During  the  first  few  seconds  of 
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growth,  the  thickening  rate  is  5 x 10  cm. /sec.;  afterv.’ards  it  usually  diminishes 
to  1 - 30  X 10”^cm./sec.  Variations  in  kinetics  at  a given  temp^erature  in  a particu- 
lar alloy  are  virtually  as  large  as  those  encompassed  by  the  entire  range  of  carbon 
content  (O.ll  to  0.1*255)  and  reaction  temperature  (up  to  ca.  100°C)  investigated.  As 
predicted  by  a general  theory  of  precipitate  morphology  (l,2),  thickening  was  shown  to 
occur  only  by  the  ledge  mechanism.  The  lengthening  rate  of  particularly  large  ledges 
was  measured  and  was  found  to  be  approximately  that  allowed  by  the  diffusion  of  carbon 
in  austenite.  Ledge  heists  and  spacings  between  ledges  were  measured,  primarily  with 
replication  electron  microscopy,  and  were  found  to  range  from  hundreds  to  tenths  of  a 
micron  and  from  tenths  to  nearly  ten  microns,  respectively.  At  early  stages  of  reac- 
tion, the  range  of  ledge  spacings  calculated  from  the  measured  thickening  kinetics 
agreed  with  that  directly  measured.  At  later  reaction  times,  however,  the  calculated 
spacings  w'ere  about  an  order  of  magnitude  too  large,  indicating  that  most  of  the  ledges 
acquire  a partially  coherent  structure  at  their  edges  during  the  later  stages  of  grow’bh 
and  are  thereby  virtually  inactivated.  Tent -shaped  and  more  complex  surface  relief 
effects  were  observed;  invariant  plane  strain  reliefs,  characteristics  of  a martensitic 
transformation,  were  only  rarely  found.  These  features  are  readily  explained  in  terms 
of  a diffusional  transformation  taking  place  by  means  of  the  ledge  mechanism. 

(These  results,  it  should  also  be  noted,  are  consistent  with  the  findings  of  the 
present  investigation  on  the  structure  of  the  broad  faces  of  ferrite  plates,  as  de- 
scribed in  section  II-C  of  page  3. ) 

5 . Observations  on  Interphase  Boundary  Structure 

This  was  an  invited  review  paper,  presented  at  a symposium  on  Interfaces 


held  by  the  Royal  Microscopical  Society  in  London  and  published  shortly  thereafter  in 
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The  Journal  of  Microscopy.  Emphasis  vas  placed  upon  observations  reported  since 
vhen  a previous  review  paper  on  this  subject  (and  on  the  growth  mechanisins  of  inter- 
phase  boundaries)  was  prepared  (2). 

Nearly  all  of  the  boundaries  considered  were  of  the  partially  or  fully  coherent 
type,  and  hence  the  principal  stjructural  featvires  examined  were  masfit  dislocations  and 
ledges.  Observations  were  drawn  from  studies  of  precipitation,  spinodal  decomposition, 
oriented  overgrowth  end  eutectics.  Interphase  boundary  structures  were  found  to  be  lit- 
tle affected  in  the  main  by  the  type  of  reaction  through  which  they  were  developed  end 
were  consistent  with  van  der  Merwe  theory  (1*3,1<^)  and  with  a general  theory  of  precipi- 
tate morphology  (1,2),  Observations  of  these  structures  have  been  considerably  facili- 
tated by  the  efforts  of  V’eatherly  and  co-workers  (l*5-^7)  to  define  the  visibility  and 
optimum  TEM  viewing  conditions  of  misfit  dislocations  and  ledges.  (These  results  are 
already  becoming  obsolescent  as  a result  of  the  weak-beam,  dark -field  technique  devel- 
oped by  Cockayne  (8);  both  the  misfit  dislocations  and  the  ledges  described  in  section 
II-C  of  pege  3 are  more  closely  spaced  than  the  minimum  resolution  limiits  estimated  by 
Weatherly  and  his  colleagues.  It  should  be  noted,  though,  that  V’eatherly  et  al  did 
forecast  this  development.)  Iinportant  new  observations  m:ade  on  misfit  dislocations 
since  1968  include;  misfit  dislocation  spacings  in  the  Cr(mo)/KiAl  eutectic  are  in 
good  agreement  with  theoretical  expectation  because  misfit  dislocations  are  also  glide 
dislocations  and  the  interface  plane  is  also  the  glide  plane  (U8);  misfit  dislocations 
on  6'  Al-Cu  and  n Al-Au  plates  with  a Burgers  vector  (^/2<100>)  stable  only  at  an  in- 
terphase boundary  (1*9);  reduction  of  the  interfacial  energy  of  partially  coherent  bound- 
aries on  the  same  precipitates  by  dislocation  interactions  and  rearrangements  (1*9); 
reduction  of  interfacial  energy  of  interfaces  developed  during  spinodal  decomposition 
through  rotation  of  the  interface  itself  from  {100}  to  {llO}  (50);  and  misfit  dislo- 
cation boundaries  between  f.c.c.  (Cu-rich)  and  b.c.c.  (Cr)  crystals  made  possible 
with  the  assistance  of  "structural  ledges"  (6).  Grov'th  ledges  have  now  been  observed 
in  a number  of  alloy  system.s  which  have  undergone  precipitation  from  solid  solution 
or  eutectic  solidification;  they  appear  to  be  confirmed  as  a customary  feature  of 
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migrating  partially  or  fully  coherent  interphase  houndaries.  Much  new  experimental  in- 
formation has  been  obtained  on  the  sources  (exceedingly  diverse),  heights  (usually  ap-  i 

preciably  higher  than  monatcmic ) , spacings  (irregular)  and  migration  kinetics  (diffu-  j 

i 

sion-controlled  if  their  edges  are  disordered)  of  ledges.  Hew  observations  continue 
to  confirm  the  complexity  of  the  processes  through  which  m.isfit  dislocations  are  ac- 
quired. The  Ashby-Johnson  (5l)  and  the  Brown-Woolhouse  (52)  theories  of  misfit  dislo- 
cation nucleation  or  acquisition  by  spherical  precipitates  are  in  encouraging  agree- 
ment with  experiment. 

6 . Influence  of  Alloying  Elements  ur'on  the  Morrholopy  of  Austenite 
Formed  from  Martensite  in  Fc-C-X  Alloys  (with  M.  R.  Plichta) 

Using  a modification  of  the  boiling  alkaline  sodium  picrate  etching 
technique  (53)  and  high-purity  Fe-C-X  alloys,  systematic  effects  of  alloying  elements 
upon  the  later  reaction  time  microstructure  generated  during  the  formation  of  austenite 
from  martensite  in  the  a + y region  were  observed.  At  early  stages  of  reaction,  the 
microstructure  was  qualitatively  similar  in  all  of  the  alloys  investigated:  grain 

boundary  allot riomorphs  and  idiomorphs  at  the  former  austenite  grain  boundaries  and 
martensite  needle  boundary  (MNB)  allotricmorphs  in  the  interiors  of  the  former  austen- 
ite grains.  At  later  reaction  times,  however,  the  microstructure  of  Fe-C,  Fe-C-Mo  and 
Fe-C-Cr  alloys  consisted  of  allotriomorphs  and  idiomorphs  at  the  former  austenite  grain 
boundaries  but  only  idiomorphs  in  the  interiors  of  the  grains.  The  ferrite  grain  struc- 
ture had  become  coarsely  equiaxed.  In  Fe-C-Mn,  Fe-C-Ni  and  Fe-C-Cu  alloys,  on  the  other 
hand,  the  initial  m.icrostructure  was  largely  unchanged  and  the  ferrite  grain  boundaries 
exhibited  an  acicular  pattern  strongly  reminiscent  of  its  martensitic  antecedent.  In 
Fe-C-Si,  Fe-C-Al  and  Fe-C-Co  alloys,  the  micro structure  was  like  that  of  the  Mn,  Ni  and 
Cu  alloys  only  where  differently  oriented  packets  of  martensite  had  met,  and  otherwise 
closely  resembled  that  of  the  Fe-C,  etc.  group  of  alloys.  These  results  were  explained 
in  terms  of  competition  between  the  rates  of  nucleation  of  austenite  at  the  various 
boundaries  in  the  martensitic  starting  structure  and  the  migration  of  the  original  mar- 


tensitermartensite  boundaries  into  lower  energy  configurations. 
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7.  Analysis  of  the  Con.position  of  g Plates  Precipitated  from 
Cu-Zn  Usinr  Analytical  ilectron  t-'icrosccTy  (with  G.  V. 

Lorircer,  G.  Cliff  and  K.  R.  liinsir.an) 

The  composition  of  plates  in  a Cu-^0.5/'  Zn  alloy  isothermally  reacted 
at  335°C  was  determined  as  a function  of  reaction  time  by  means  of  an  analyzing  elec- 
tron microscope,  . This  instrument  is  capable  of  determining  accurately  the  com- 

position of  crystals  whose  minimum  dimension  is  as  sm^ll  as  500-1000  %.  At  all  stages 
of  growth  which  could  be  studied  with  this  instrument,  the  Zn  content  of  the  plates 
is  markedly  less  than  that  of  the  B'  matrix.  Thus,  despite  the  fact  that  these  plates 
have  been  shown  to  exhibit  the  crystallography,  surface  relief  effect  and  internal 
structure  characteristic  of  martensite  (5^),  they  m.ust  have  fonned  by  a diffusional 
growth  mechanism,  rather  than  by  one  of  shear.  This  finding  supports  the  view  (1,2) 
that  the  crystallography  and  surface  relief  effects  characteristic  of  martensite  are 
a necessary  but  not  a sufficient  condition  for  identification  of  the  reaction  mechanism 
as  one  of  shear. 

The  experimental  results  obtained  during  this  study  directly  contradict  those  of 
Cornells  and  V’ajTsan  (55),  obtained  with  a different  instrument.  We  have  suggested  this 
conflict  arose  because  Cornells  and  Wayman  used  an  instruiment  operated  at  Uo  kV,  where- 
as was  employed  at  100  kV ; the  lower  operating  voltage  appears  to  give  rise  to 

excessive  diffusion  of  electrons,  thereby  markedly  increasing  the  effective  m.easurement 
spot  diam.eter.  Kence,  at  early  reaction  times  the  measurements  evidently  included  not 
only  the  thickness  of  the  plates  but  also  enough  of  the  B'  matrix  so  that  the  instru- 
ment did  not  register  any  change  in  average  com.position. 

This  argument  is  a crucial  one  in  the  diffusional  grcw'th  vs.  shear  controversy, 

because  all  of  the  crystallographic  and  surface  relief  effect  evidence  indicates  that 

plates  could  have  formed  by  shear;  only  the  nonfulfillment  of  the  one  remaining 
specification  of  the  phenomenological  theory  of  rartensite,  namiely,  that  there  be  ini- 
tially  no  composition  difference  between  matrix  and  product  phases,  indicates  that 
plates  form  by  a diffusional  growth  rceclianism.  As  Wayman  (56)  had  clearly  noted,  ell  j 
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of  the  specifications  of  the  phenon.enological  theory  must  he  fulfilled  in  order  that 
the  transformation  product  he  descrihahle  as  martensite.  Since  the  Cu-Zn  trensfor- 
t£.tion  is  the  only  reaction  vhich  seems  to  provide,  at  the  present  time,  an  agreed 
upon  testing  ground  for  the  basic  controversy,  the  disagreement  over  experimental  re- 
sults has  not  heen  ended  by  the  publication  of  our  contribution.  Item  no.  11  presents  ; 
a reply  to  a published  argument  against  our  experimental  results.  V7ayman  privately 
indicates  that  he  is  conducting  further  experimental  vork  on  the  problem  and  expects  j 

to  publish  his  new  results  soon.  Kinsman  et  al  (57)  have  repeated  our  measurements  us- 
ing an  instrument  of  the  type  employed  by  Cornells  and  Vayman  (newly  installed  at  the 
Ford  Laboratories)  and  have  concluded  that  this  instrument  does  indeed  have  less  than 
the  advertised  spatial  resolution,  but  that,  given  careful  adjustment,  it  still  yields 
results  qualitatively  the  same  as  we  have  reported,  namely,  that  differs  in  ccm.po- 
sition  from  its  matrix  even  at  the  earliest  accessible  reaction  times.  But  it  is  not 
unlikely  that  several  exchanges  in  the  literature  will  be  required  before  a generally 
acceptable  conclusion  to  the  argmnent  over  the  experimental  results  is  reached. 

8.  The  Vatson-l'cDourall  Shear:  Proof  That  Widm.anstatten  Ferrite 

Cannot  Grow  i'artensitically  (with  M.  G.  Kail,  D.  M.  Barnett 
and  K.  R.  Kinsm.an) 

Watson  and  McDougall  (23)  observed  experimentally  that  tent-shaped  and 
invariant  plane  strain  surface  reliefs  produced  by  proeutectoid  ferrite  plates  in  an 

, 

Fe-C  alloy  correspond  to  an  average  transformation  shear  strain  of  0.36.  Combining  a 
standard  statistical  theimodynamic  treatment  of  free  energy  changes  associated  with  the 
austenite-to-ferrite  transformation  (58),  Eshelby's  (59)  equation  for  shear  strain  en- 
ergy as  a function  of  aspect  ratio  and  measurements  on  the  micrographs  of  V?atson  and 
McDougall  of  the  aspect  ratio  of  ferrite  plates,  it  was  shown  that  the  formation  of  fer- 
rite plates  with  the  Watson-McDougall  shear  is  thermodynamically  impiossible  effectively 
through  the  temperature-composition  region  of  the  proeutectoid  ferrite  reaction.  This 


result  obtains  whether  the  ferrite  plates  contain  the  mietastable  equilibrium  carbon 
content  corresponding  to  the  shear  strain  energy-depressed  Ae3  or  fully  inherit  the 
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carton  content  of  the  parent  austenite. 

A critical  examination  of  the  crystallographic  results  reported  ty  Watson  and 
McDougall  shows  poor  agreement  with  the  phenomenoiogical  theory  of  martensite.  Also, 
the  surface  relief  effects  associated  with  proeutectoid  ferrite  plates  are  pointed  out 
to  be  only  rarely  of  the  invariant  plane  strain  m.orphology  (see  II-D-U  of  p.  3),  the 
only  tj-pe  of  relief  to  which  the  phenomenological  theory  can  be  applied. 

These  considerations  provide,  in  sum,  further  support  for  our  view  that  shear 
plays  no  role  at  all  in  the  formation  of  proeutectoid  ferrite  plates. 

9 . Considerations  on  a Martensitic  f-'echanism  for  the  F ■ C . C .->B . C . C . 
Transformation  in  a Cu-0.33  W/0  Cr  Alloy  (with  M.  G.  Kail  and 
G.  W.  Lorimer) 

A previous  investigation  by  Hall  et  al  (6)  showed  that  Cr  precipitate 
plates  in  a Cu-0.33  V/0  Cr  alloy  usually  have  an  irrational  habit  plane  and  can  have 
irrational  lattice  orientation  relationships  as  well.  'Ibese  ”6  characteristics  cus- 
tomarily ascribed  to  the  product  of  a martensitic  transform:atlon . The  present  study' 
was  undertaken  to  ascertain  whether  or  not  these  Cr  precipitates  exhibit  the  other 
characteristics  of  martensite. 

Surface  relief  effects  of  Cr  plates  which  nucleated  below  and  grew  into  the  speci- 
men surface  were  found  to  be  tent-shaped,  rather  than  of  the  invariant  plane  strain 
morphology  characteristic  of  martensite.  Analy'sis  of  Cr  precipitates  during  early 
stages  of  growth  by  means  of  shoved  that  the  precipitates  contain  distinctly 

more  Cr  than  the  matrix,  again  in  contradistinction  to  the  absence  of  a composition 
change  required  of  a martensitic  transformation.  Upon  the  basis  of  the  Crocker-Bilby 
(6o)  version  of  the  phenomenological  theory  of  m-artensite,  the  habit  planes  predicted 
for  Cr  precipitates  on  the  criteria  of  minimum  shear,  minimvnn  Burgers  vector  of  surface 
dislocation  and  physically  operative  deform.ation  modes  in  either  phase  for  the  lattice 
Invariant  deform.ation  were  compared  with  those  experimentally  observed.  Each  criterion 
was  able  to  account  for  no  more  than  a few  of  the  observed  habit  planes;  explaining  ell 


of  them  on  a martensitic  basis  results  in  the  physically  im.plausible  requirem:ent  that 


r 
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a variety  of  lattice  invariant  deformation  mechanisms  be  simultaneously  operative.  All 
of  the  foregoing  contradictions  are  readily  resolved,  however,  if  it  is  accepted  that 
Cr  plates  form  entirely  by  a nucleution  and  diffusional  growth  mechanisms. 

These  results  encouraged  an  emipirical  comparison  of  the  habit  planes  of  Cr  plates 
in  Cu-Cr  with  those  of  ferrite,  bainite  and  m.artensite  in  steel.  It  was  noted  that  Cr, 
ferrite  and  bainite  plates,  all  of  which  ve  believe  form  by  nucleation  and  diffusional 
growth,  have  habit  planes  in  different  areas  of  the  stereographic  triangle  than  those 
of  martensite. 

10 . Application  of  a Fanid  Chemical  Polish  to  Preparation  of 
High-Carbon  Steel  Specirens  for  Optical  Klcrcsccpiy  (with 
M.  R.  Plichta  and  W.  F.  Lange  III) 

The  usefulness  of  a HF-H^O^-HgO  chemical  polish  for  the  preparation  of 
optical  microscopy -quality  polishes  on  steel  specimens  has  been  explored  as  a function 
of  microstructure.  Both  Fe-C  and  Fe-C-X  alloys  were  used  in  this  study.  Good  results 
were  readily  obtained  on  entirely  martensitic  and  on  martensite  + ferrite  microstruc- 
tures, though  excessively  rapid  attack  som.etimies  occurred  on  certain  grain  and  inter- 
phase boundaries.  Chemical  polishing  of  pearlite  was  found  to  be  more  difficult  be- 
cause of  severe  attack  on  ferrite: carbide  boundaries.  Very  short  polishing  timas  (ca. 

U secs.)  are  required  in  order  to  avoid  destroying  the  definition  of  the  carbide 
lamellae.  This  polish  was  judged  to  be  useful  because  of  the  ease  and  simplicity  of 
its  use,  but  to  require  a considerable  measure  of  caution  if  hi^  quality  results  are 
to  be  achieved. 


11.  Reply  to  ''Comiments  on  'Analysis  of  the  Composition  of  Plates 
Precipitated  from  B'  Cu-Zn  Using  Ar.al\"tical  Electron  Nicroscopy” 

(with*G.  W.  Lorimer,  G.  Cliff  and  K.  R.  Kinsm.an) 

This  is  a reply  to  a discussion,  presented  by  M.  K.  Kostic  and  E.  B. 
Hawbolt,  to  item  II-D-T.  These  writers  suggested  that  since  our  measurem.ents  were 
m.ade  on  the  plates  which  protruded  out  of  the  B'  matrix  (as  a result  of  preferential 
electro-polishing),  the  plates  were  heated  during  electron  probe  counting  sufliciently 
for  their  Zn  content  to  be  preferentially  boiled  away.  During  the  present  study,  this 
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hypothesis  vas  tested  by  incrementally  counting  the  plates  at  a fixed  position  over 
a wide  range  of  counting  times.  The  ratio  of  the  counting  rate  of  Cu  to  that  of  Zn 
(using  the  radiation  of  both)  was  found  to  be  independent  of  counting  time,  thereby 
refuting  the-  suggestion  of  Kostic  and  Kawbolt. 

12.  A Critical  Test  of  Two  Theories  of  i?on-TFS  Geometric  Surface 
Relief  Effects  Associated  with  Diffusional  Enase  Transforma- 
tions (with  K.  R.  Kinsman) 

6 Al-Cu  rods  have  been  previously  shown  to  develop  tent-  or  vee-shaped 
surface  relief  effects  (61,62).  It  has  been  proposed  that  these  effects  are  produced 
by  ledgewise  growth  which  establishes  the  shape  change  throu^  maintenance  of  partial 
coherency  across  the  broad  faces  of  the  ledges;  the  actual  rod  thickening  process  is 
suggested  to  take  place  at  the  edges  of  the  ledges  through  diffusional  jumps  across 
these  disordered  interphase  boundaries  (2,61,63).  Clark  and  VJayr.an  (62)  have  suggested 
that  the  tent-shaped  reliefs  are  the  result  of  an  anisotropic  (bulk)  volume  change  ac- 
companying the  transformation.  The  present  study  was  undertaken  to  distinguish  criti- 
cally between  the  two  theories.  Surface  relief  observations  were  made  on  grain  bound- 
ary allotriomorphs  of  G in  an  Al-U^  Cu  alloy  by  means  of  interference  and  replication 
electron  microscopy.  Negligible  surface  relief  effects  were  observed.  This  is  con- 
sistent with  the  foiT.er  mechanism,  since  thickening  of  grain  boundary  allotriomorphs 
does  not  proceed  primarily  by  the  ledge  mechanism.  However,  this  result  is  inconsis- 
tent with  the  Clark-V7ayx>an  r^echanismi,  which  ought  to  function  irrespective  of  the  type 
of  interfacial  structure  present. 

13.  Growth  I'echanisms  of  AuCu  II  Plates 
(with  K.  R.  Kinsman) 

A joint  investigation  of  this  topic  was  undertaken  with  Drs.  J.  Kittl 
and  A.  Fedraza  of  the  Buenos  Aires  laboratories  of  the  Argentine  Atomic  Energy  Cor-mis- 
sion;  the  experim.ental  work  was  performed  largely  in  Buenos  Aires;  Dr.  Kinsm.an  and  the 
P.I.  visited  Argentina  (while  the  P.I.  was  still  with  ,he  Ford  laboratories)  to  parti- 


cipate directly  in  this  investigation,  and  subsequently  continued  their  involvemient  by 


r 
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mail.  When  the  investigation  was  recently  completed,  after  a number  of  delays,  it 
was  found  that  the  U.  S.  and  the  Argentinian  authors  were  unable  to  agree  on  a common 
interpretation.  Accordingly,  each  prepared  separate  papers  for  submission  to  Acta 
Metallurgica  based  upon  the  same  set  of  results.  The  brief  summary  of  our  views 
given  here  actually  conflicts  surprisingly  little  with  those  of  the  Argentinians; 
we  have  ended  up  emphasizing  different  aspects  of  the  problem  and  have  thus  in  good 
part  written  complementary  rather  than  opposed  papers. 

The  lengthening  and  thickening  rates  of  AuCu  II  plates  measured  by  Pedraza  and 
Kittl  are  used  as  a basis  for  \inderstanding  the  mechanisms  through  which  these  rates 
develop.  These  rates  are  3-*t  orders  of  magnitude  smaller  than  those  estimated  for  in- 
coherent AuCu  II; disordered  matrix  (interphase)  boundaries.  During  growth,  the  inter- 
phase boundaries  are  deduced  to  be  coherent.  At  the  edges  of  plates,  coherency  is 
maintained  because  the  succession  of  ledges  is  too  rapid  to  give  the  misfit  disloca- 
tion structiire  time  to  develop.  At  the  broad  faces  of  plates,  the  closely  spaced 

o 

twins  (initially,  ca.  50  A apart  {6h))  in  the  AuCu  II  greatly  diminish  the  driving 
force  for  introduction  of  misfit  dislocations  until  substantial  coarsening  of  the 
twinned  structiire  has  occixrred.  Ledge  growth  at  the  broad  faces  is  inhibited  by  the 
requirement  that  such  growth  occur  parallel  to  the  twins;  this  effect  appears  respons- 
ible for  the  order  of  magnitude  larger  spacing  between  ledges  at  the  broad  faces  than 
at  the  edges  of  the  plates  and  for  the  growth  of  AuCu  II  crystals  as  plates  rather 
than  as  idiomorphs.  The  principal  features  of  AuCu  II  growth  Were  shown  to  be  consis- 


tent with  a massive  rather  than  with  a martensitic  mode  of  transformation. 
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